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X-Ray induced cataract is preceded by LEC loss, and coincident
with accumulation of cortical DNA, and ROS; similarities with age-
related cataracts
William Pendergrass, Galynn Zitnik, Ryan Tsai, Norman Wolf
Department of Pathology, University of Washington, Seattle, WA
Purpose: To compare age-related cataractous (ARC) changes in unirradiated mice lenses to those induced by head-only
X-irradiation of 3 month-old mice.
Methods: lens epithelial cells (LECs) as well as partially degraded cortical DNA were visualized in fixed sections using
4',6-diamidino-2-phenylindole (DAPI) staining, and in fresh lenses using the vital stain Hoechst 33342. reactive oxygen
species (ROS) activity was also visualized directly in fresh lenses using the vital dye Dihydrorhodamine (DHR). In fixed
lenses an antibody specific for 8-OH Guanosine (8-OH-G) lesions was used to visualize DNA oxidative adducts from
ROS damage. Alpha smooth muscle actin was visualized using specific antibodies to determine if myofibroblasts were
present. Fluorescence was quantified using Laser Scanning Confocal Microscopy (LSCM). The degree of lens opacity
and cataract formation was determined by slit lamp, or from digitalized images of light reflections taken with a low
magnification light microscope.
Results: Using DNA- and ROS-specific vital fluorescent dyes, and laser scanning confocal microscopy we have previously
described 4 changes in the aging rodent lenses: 1) a significantly decreased density of surface LECs in lenses from old
compared to younger mice and rats; 2) a very large increase in retained cortical nuclei and DNA fragments in the secondary
lens fibers of old rodent lenses; 3) increased cortical ROS in old rodent lenses; 4) increased cataract concomitantly with
the cortical DNA and ROS increases. In the current study we report that these same 4 changes also occur in an accelerated
fashion in mice given head-only X-irradiation at 3 months of age. In addition to vital staining of fresh lenses, we also
examined sections from fixed eyes stained with DAPI or hematoxylin and eosin (H&E) and found the same loss of surface
LECs and accumulation of undigested nuclei and debris in secondary lens fibers occur with age or following X-irradiation.
In addition sections from fixed-eyes were examined for ROS damage to DNA with antibodies specific for 8-OH-G lesions.
The frequency of 8-OH-G lesions increased dramatically in lenses from old unirradiated mice over 24 months of age, and
similarly in X-irradiated lenses by 9–11 months post irradiation. The accumulation of cortical nuclei was not the result of
conversion or invasion by myofibroblasts as tested by antibodies to a marker for such cells, alpha smooth muscle actin.
Conclusions: X-irradiation damage induces a large decrease in surface LECs over a period of 3–11 months post X-
irradiation of young mice. These changes are similar in extent to those seen in 24–29 months-old control mouse lenses
with age-related cataracts. In 24+ month-old unirradiated mice the secondary lens fibers are not able to degrade nuclei or
nuclear DNA efficiently and accumulate large numbers of cortical nuclei and nuclear fragments as well as ROS and 8-
OHG lesions. X-irradiated lenses develop the same abnormalities in a more accelerated fashion. The extensive loss of
LECS and accumulation of undegraded nuclei, ROS, and ROS damage may play a causal role in cataract generation in
both unirradiated old mice and in previously irradiated young adult mice.
Age-related  Cataract  (ARC)  is  the  main  cause  of
blindness in the world today (see recent review [1]. Generally
cataract is thought to result when the lens proteins or their
environment  become  altered  resulting  in  aggregation  and
precipitation of lens crystallins and other proteins forming
reflective areas that block light transmission [2,3], and the
generation of reactive oxygen species has been considered a
possible  causative  agent  [2,4-9].  Normally,  the  anterior
central region of the lens is covered with nucleated amitotic
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lens epithelial cells (LECs). Lateral to this lies a ring of mitotic
LECs, which subsequently migrate to the equator at the lens
surface, elongate, and enter into the outer cortex where they
continue  a  program  of  differentiation  into  secondary  lens
fibers  (lens  fibers  accreted  after  adulthood).  This
differentiation process includes degradation and removal of
lens organelles, and expression of lens crystallins and other
lens  specific  proteins.  As  cell  fiber  cell  accumulation
progresses,  serial  layers  of  interiorized  differentiated  lens
fibers are laid down burying the more secondary lens fiber
cells  deeper  in  the  cortex.  This  process  maintains  the
organization of the adult lens producing a clear “organelle free
zone” (OFZ) in the inner cortex [10]. The maintenance of the
OFZ is necessary for normal function and clarity of the adult
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1496lens  [1,10-18].  Many  things  may  interfere  with  the
development of this highly organized structure of the lens that
can lead to cataract formation [1-3,8]. It is not yet known
exactly  which  alterations  lead  to  ARC  [1-3].  We  have
previously reported that an age-related decrease in the density
of surface LECs occurs in old cataractous mouse and rat
lenses,  That  is  followed  chronologically  by  a  failure  to
degrade nuclei in the secondary lens fibers resulting in an
abnormal  accumulation  of  undegraded  nuclei  in  the  bow
regions and spreading to the anterior and posterior cortices
[19,20]. These cortical areas of abnormal LEC nuclei also
express  strong  reactive  oxygen  species  (ROS),  and  the
appearance of the ROS and extended bow regions correlate to
cataract incidence in the old animals [12,19-21].
If LEC loss and the accumulation of cortical nuclear
fragments  and  ROS  are  instrumental  in  ARC  progress,
exogenous agents capable of damaging LECs, and inducing
oxidative damage, would be expected to produce the same
series of events in an accelerated fashion. Earlier workers have
reported that radiation damaged LECs that survived the initial
stress formed altered and damaged secondary lens fibers that
were deflected to the posterior of the cortex [5,6,22-32]. To
determine if ARC and radiation cataract progressed along
similar  lines,  we  administered  11  grays  (one  gray  is  the
absorption  of  one  joule  of  radiation,  by  one  kilogram  of
matter) of head-only X-rays to three months old mice and
followed the events for 11 months. We have published a
preliminary  report  on  the  X-ray  induced  changes
demonstrating  a  delayed  but  rapid  onset  of  cataract  5–11
months  following  X-ray  and  summarizing  some  of  the
changes seen in the cataractous lenses [12]. In the present
report we compare the LEC loss, abnormal expansion of the
bow region, abnormal cortical ROS, and the formation of
DNA  oxidative  adducts  (8-Oxo-2'-deoxyguanosine
abbreviated here as 8-OH-dG) in the lens cortex caused by
head-only X-irradiation, to the same alterations seen in ARC.
We, also, have examined these changes in fixed-whole eye
sections  in  addition  to  vital  staining  of  live  metabolizing
lenses to rule out artifactual changes that might occur during
isolation of the lenses [12,19,20].
The dose of X- radiation, as used here, has been shown
to induce primary damage in the LECs through induction of
ROS,  and/or  by  direct  energy  transfer  to  DNA  and  other
macromolecules in the lens [12,33-38]. An important reason
for  our  approach  was  to  compare  this  form  of  oxidative
damage to the lens and its expected induction of cortical
cataracts to that of ARC, a condition that others and we have
shown to be at least in part due oxidative damage events of
biologic origin [21,39-43].
In the present study, X- irradiated lenses and control
lenses are compared as a function of time for the 4 changes
we  previously  observed  in  old  lenses:  1)  LEC  loss,  2)
decreased ability to degrade DNA in secondary lens fibers, 3)
excessive ROS accumulation and ROS damage in the cortex,
and  4)  appearance  of  increasing  opacities  eventuating  in
cataracts.
METHODS
Dyes and antibodies: All dyes were obtained from Molecular
Probes, Inc. (Eugene, OR). Hoechst 33342 was kept as a
10 mM stock in water at 4 °C. Dihydrorhodamine 123 (DHR)
was kept as a 5 mM stock in dimethyl sulfoxide (DMSO) at
−20 °C. DAPI was in mounting medium from Vector (H1200;
Vector  laboratories,  Burlingame,  CA).  Antibodies  were
obtained from the following sources: Alpha smooth muscle
Actin  was  obtained  from  Abcam  (#ab18460;  Cambridge,
MA); Goat polyclonal to 8-OH-dG from alpha from alpha
diagnostic  (#8OHG  12-S;  San  Antonio,  TX);  Rabbit
polyclonal to αB-crystallin was also from Abcam (#ab13497);
Lamin A/C was obtained from Cell Signaling technology
(#2032; Danvers MA); antibody to aquaporin O was from
Calbiochem (Long Beach, CA).
Antibody  staining  of  sections  from  fixed  eyes  for
immunofluorescence  analysis:  In  Dulbecco's  Modified
Eagle's  Medium  (DMEM)  with  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic  acid  (HEPES)  and  2%  glucose,
whole eyes were opened slightly at the site of entry of the optic
nerve. Eyes were then transferred to 3.7% paraformaldehyde
with 4% sucrose (pH 7.4) and fixed for 1 h. After washing in
Trask’s  PBS  (2.7  mM  KCl,  1.4  mM  KH2PO4,  6.5  mM
Na2HPO4,  0.14  M  NaCl,  pH  7.0)  twice,  the  tissue  was
processed into paraffin blocks. Blocks were subsequently cut
at a thickness of 10 microns. Slides with paraffin sections were
deparaffinized in 3 changes of xylene, then washed for 5 min
each in graded alcohols (100%, 95%, 80%, and 50%). The
slides were then washed 2× with Trask’s phosphate buffered
saline (TPBS) 5 min each, then rinsed with H2O and placed in
Antigen  Retrieval  buffer  (ARB,  10mM  Sodium  Citrate,
pH6.0), heated to boiling in a microwaved and allowed to
stand for 5 min. This heating step was repeated 2 more times
and then the slides were allowed to cool in ARB for 40 min.
Then the slides were rinsed with TPBS for 5 min and treated
with 0.14% Triton X100, 10 mg/ml BSA (BSA; Sigma, St.
Louis, MO) in TPBS for 5 min at room temperature. Then the
slides were blocked for 60 min with 10 mg/ml BSA in PBS.
The primary antibody was then added after a 1:200 dilution
into blocking solution and left overnight at 4 °C. The slides
were then washed with 3 changes of TPBS for 5 min each and
then fluorescently labeled secondary antibody (1:200 dilution
into blocking buffer) was added for 2 h at room temperature.
The slides were washed 3 more times in TPBS, and the bound
antibodies were then post-fixed with 3.7% paraformaldehyde
for 5 min at room temperature, and then rinsed 2× more in
TPBS for 5 min. Finally, salts were removed with a rinse of
H2O), 75 μl of antifade mounting media (Vector laboratories,
Burlingame, CA) was added and the slides coverslipped for
analysis of fluorescence.
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1497For the anti-8-OH-dG antibody, a DNA denaturation step
was added after antigen retrieval. This consisted of 5 min
treatment with 2N HCl at room temperature followed by 5 min
in 1 M Tris base pH 8.0.
Animals and tissues: Two sets of 12 irradiated and 12 non-
irradiated control C57BL/6 female mice were used for the
studies. The first set was irradiated at three months of age by
head-only  irradiation  and  were  followed  by  slit  lamp
examinations (see below). At various ages, up to 11 months
post-irradiation, members of this group were sacrificed by
cervical dislocation, the lenses were immediately isolated by
posterior  excision  from  the  extirpated  eyeball  and  were
stained  with  vital  dyes  and  examined  for  oxidized  DHR
(rhodamine  123)  which  localizes  in  mitochondria,  and
Hoechst 33342 fluorescence. A second set of mice of equal
number were irradiated at 3 month of age, and used to prepare
“fixed-eye” paraffin sections for immunofluorescence studies
at various ages. The mice in this group were sacrificed as
above and the eyes fixed in 3.7% paraformadehyde for 60 min.
at room temperature. The fixed eyes were then embedded in
paraffin  and  10  micron  sections  prepared  for  antibody
staining. Females were used to avoid the stress and fighting
damage often seen in separately weaned and caged males of
this  strain.  These  specific  pathogen-free  animals  were
purchased from Harlan Laboratories, Inc. (Indianapolis, IN)
and housed four per cage and fed the standard maintenance
Purina  mouse  diet  5015  (Purina  Labs,  St.  Louis,  MO).
Humane protocols for maintenance and euthanasia from the
University of Washington IACUC committee and the national
AALAC organization were followed.
Radiation source, dosage, and effects: Mice were irradiated
as previously described [12]. A cabinet X-ray machine (Picker
Company, Cleveland, OH; model 43855A, Series 209, cycles
50/60, Pre volts 115 with PKV 110 and Beryllium window)
was used to irradiate mice placed 13 inches from the source.
Delivery of 11 grays (Gy) of X-rays was at 5 mA, 100 kV over
5.5 min. This is a low energy delivery compared to the energy
delivered by a 300 kV therapy machine or a Cesium source.
Five mice at a time were placed on a circular rotating base
with  heads  to  the  center  and  the  remainder  of  the  body
including the tail covered with 3 mm of lead. Thus, only the
heads were exposed to the x-radiation. Specialists from the
University  of  Washington  Environmental  Health  Division
monitored  the  settings  and  delivery  of  radiation  using  a
Victoreen meter. The mice were anesthetized with a mixture
of ketamine (100 mg/ml) and xylazine (20 mg/ml) diluted with
saline  12.6  fold  to  deliver  anesthesia  at  0.01  ml/gm  of
bodyweight.  This  was  injected  intraperitoneal  (I.P.)  just
before the irradiation. The mice remained anesthetized for
approximately 30 min. None of these animals in either the
control or the head-irradiated groups showed any signs of
distress, reduced physical activity, or reduced food intake
during the study period from the beginning to the conclusion
of the experiment 11 months following the irradiation. There
was a general hair loss from the head that was obvious two
weeks after irradiation with re-growth of melanin-free hair
over the subsequent three to four weeks. Two mice developed
sufficient subsequent scar tissue near one eye in each animal
that, while not covering the eye, prevented an accurate slit
lamp reading of cataract development on that side of the face.
Lens preparation for vital staining and microscopy: For fixed
sections whole eyes were opened slightly at the site of optic
nerve entry to allow fixative to penetrate and placed in 3.7%
paraformaldehyde for 60 min at room temperature. The fixed
eyes were then processed into paraffin blocks and cut into 10
uM sections for staining and analysis.
For vital staining, whole eyes were placed corneal side
down on sterile gauze and held in place by forceps. An incision
was then made across the surface where the optic nerve enters
the eye, and the sclera was pulled back to expose the lens.
Debris from the ciliary body that remained attached to the
equatorial plane of the lens was gently teased away with
forceps  before  staining.  As  described  separately  below,  2
different  microscopes  were  used,  a  low-power  light
microscope for whole lens pictures and cataract assessment
and a Zeiss two-photon laser scanning confocal microscope
(LSCM)  was  used  to  analyze  lenses  vitally  stained  with
Hoechst 33342 and dihidrorhadamine (DHR) as previously
described [19,44].
Slit lamp examination and cataract scoring: As previously
described [12] mice were hand-restrained without anesthesia,
while  the  single  examiner  (N.W.)  determined  the  opacity
score using a SL-14 Kowa hand-held slit lamp (Kowa, Tokyo,
Japan) in a dark room. Scoring was as in previous studies, on
a basis of 0–4+ with half steps between the full numbers, and
with one, two, and three representing progressive opacities
and 4+ reserved for completely opaque mature cataracts. The
examiner  had  no  knowledge  of  the  subgroups  of  animals
(irradiated versus controls) presented to him and the selections
made by the presenter were deliberately randomized. Dilation
previous to slit lamp examination was with 1% tropicamide
(Mydriacyl ophthalmic solution; Alcon, Fort Worth, TX).
Lens opacity measurements with low-power reflecting light
microscope:  The  intensity  of  light  reflected  from  lens
opacities  was  quantified  by  2  methods;  either  by  image
analysis (Photoshop version 7.01; Adobe Systems, San Jose,
CA) of digital photographs of the lenses taken with a low
magnification  reflected  light  microscope,  or  by  using  a
separate  reflected  light  channel  on  the  LSCM  (see  next
paragraph).  The  anterior  side  was  determined  from  prior
visualization of the Hoechst 33342 stained anterior epithelium
under a fluorescent microscope. The lenses were then centered
in the field of a low power light microscope (ZST; Unitron,
Bohemia, NY), equipped with microscope adaptor (MM3XS;
Martin Microscope, Easley, SC), and photographed with a
digital  camera  using  16×  magnification  (Coolpix  5400;
Nikon,  Tokyo,  Japan).  Back  lighting  was  provided  by  a
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CA) with dual light guides positioned for side lighting. The
lenses  were  then  turned  upside  down,  to  photograph  the
posterior sides. The conditions were identical for young and
old lenses photographed on each day.
Staining  fixed  sections  with  antibodies  for
immunofluorescence: Paraffin sections were deparaffinized in
xylene for 5 min repeated 2 more time, followed by 5 min in
sequentially: 100%, 95%, 70%, and 50% ETOH, then 5 min
in TPBS, pH 7.0. Then an antigen retrieval protocol was
performed by putting the slides in 10 mM citrate pH 6.0, and
heating to boiling in a microwave, leaving for 5 min, and
repeating 2 more times. The slides were then allowed to cool
in the citrate buffer, rinsed with water and PBS, then PBS with
0.14% triton X-100 for 5 min, then 5 more min in PBS only.
For 8-OH-dG antibody staining, the DNA in cells on the slide
was denatured by 5 min in 2 N HCl and rinsed for 5 min in 1
M tris base at pH 8.0 [45].Then the slides were blocked for 60
min in 1 mg/ml BSA in TPBS. The slides were then rinsed 2×
with TPBS and 100 μl of primary antibody added diluted in
blocking buffer 1:100 overnight at 4 °C. The next day the
slides were rinsed 3× for 5 min each time with PBS, and
incubated  90  min  with  secondary  fluorescently  tagged
antibodies  to  the  primary  antibody.  The  slides  were  then
rinsed 3× more for 5 min with PBS, and after a water rinse,
mounted  with  mounting  media  containing  DAPI  (H1200;
Vector laboratories). The slides were then analyzed on a Zeiss
confocal microscope as described below.
Staining of freshly isolated lenses with Hoechst 33342 and
dihydrorhodamine  (DHR):  The  mouse  lenses  were  viably
stained with DHR and Hoechst 33342 as previously described
[19]. Briefly, five μM DHR was added to the lenses already
in 10 ml of lens medium (DMEM containing 25 mM HEPES
with 7% fetal bovine serum) chilled to 0 °C for 45 min with
mild  agitation.  Staining  of  the  lenses  with  DHR  was
performed at 0 °C (but not frozen) to optimize differential
Figure 1. Typical appearance of freshly excised lenses from unirradiated control and X- irradiated mice at various ages. Unirradiated control
lenses are depicted in panels A-D, and lenses from mice X-irradiated at 3 months of age are shown in E-F. The photos were taken through a
dissecting scope using reflected light. The lenses were selected as representative of each age and treatment group.
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1499staining of the abnormal ROS present in cataractous lenses
with that produced by normal respiration of surface LECs at
37  °C.  Cataract-related  ROS  was  pre-existent  in  the  lens
cortex and did not require active metabolism. DHR staining
of the mouse lens inclusions at 0 °C was just as intense as
when done at 37 °C. Following DHR treatment, the lenses
were rinsed briefly in lens medium, to remove free DHR, and
stained with 10 uM Hoechst 33342 in lens medium at 37 °C
for 15 min [19]. Freshly isolated metabolizing lenses were
placed  in  chambered  slides  (Nalge  Nunc  International,
Naperville, IL) in 2.0 ml of lens medium. The lenses were then
photographed with a low power light microscope and chilled
to 0 °C to stabilize the DHR and the DNA fluorescence during
analysis with the LSCM. The doubly stained lenses were then
kept on ice until analyzed with the LSCM. The fluorescence
of the stained lenses was stable for at least 3 h on ice.
LSCM analysis of vitally stained mouse lenses with Hoechst
33342, DHR, and DAPI, and immunofluorescence of antibody
Figure 2. Average slit lamp grades of X-
irradiated and control lenses. Slit lamp
analysis was performed as described in
Methods on the lenses from 12 mice at
each time point. The slit lamp grades for
lenses  from  X-irradiated  mice  are
depicted as filled diamonds and control
lenses as open squares. The value for the
28-month unirradiated controls is from
[21]. The mice were X-irradiated at 3
months of age. The lines were fit by eye.
Figure 3. Decreases in mouse surface
LEC  cell  density  with  age  and  X-
irradiation using vital dye staining of
whole  lenses.  The  cell  density  (cells/
mm2)  was  determined  by  counting
nuclei stained with the vital dye Hoechst
33342 on the lens surface in unirradiated
controls  (green  squares)  and  X-
irradiated mouse lenses (red circles). X-
Irradiation  of  these  mice  was  at  3
months of age. The error bars represent
the standard error of the means, and stars
indicate  a  significant  difference  from
age matched control values using 1 tail
Mann–Whitney test (the p values: **,
p<0.02,  ***,  p<0.002).  Each  point
represents the mean of 4–6 mice.
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1500preparations: Two different confocal microscopes used to
analyze stained lenses, a Zeiss 2-photon LSCM for vital stains
and a Zeiss meta for analyzing fluorescent antibodies. The
Zeiss  2-photon  LSCM  (model  510  NLO;  Carl  Zeiss
MicroImaging, Inc., Göttingen, Germany) used for vitally
stained whole lenses had the two-photon laser (Mira 900 IR
femtosecond pulse laser 50 mW Titanium Sapphire; Coherent
Inc., Santa Clara, CA) tuned to 750 nm for Hoechst 33342.
Emitted light from the sample was passed through a primary
dichroic mirror passing light only below 650 nm, a secondary
optic passing light only below 490 nm, and finally a band pass
filter near the Hoechst 33342 optima between 435 and 485
nm. The DHR (oxidized by ROS to rhodamine 123 inside the
lens fibers) was analyzed using a 488-nm line from an argon
laser (5 mW, run at 60% of full power; Lasertechnik GmbH,
Berlin, Germany). Emitted light was selected with a primary
dichroic that blocked the 488-nm exciting light, a secondary
optic that transmits light waves shorter than 635 nm, a tertiary
optic that transmits light waves longer than 490 nm, and a
band-pass filter near the rhodamine 123 optima between the
500-  and  550-nm  wavelengths.  In  some  cases,  a  separate
reflection channel was set up that measured 543-nm light
reflected from opacities. This was performed with the 543-nm
excitation line from the Helium-Neon laser at 10% power, and
detecting reflected light passing through a 500–550 -nm band-
pass filter. Only one fluorochrome was excited at a time per
frame  scan  to  assure  that  only  the  desired  probe  was
visualized.  Unless  otherwise  specified,  analyses  were
performed at both the anterior and posterior poles of the lens
using a 10× objective and scanning 26 frames at 4 μm intervals
from an area of the lens 1.3 mm in diameter beginning at the
surface and ending 100 μm deep beneath the surface. Freshly
isolated viable lenses were used for all vital staining. The
background (fluorescence from the media surrounding the
lens) was subtracted from the fluorescent intensities measured
for the lens.
For  the  second  LSCM  used  for  analysis  of  antibody
fluorescence  in  sections  from  fixed  lenses,  a  Zeiss  meta
confocal microscope (Carl Zeiss MicroImaging, Inc.) was
used. See description of microscope at the KECK facility at
the University of Washington Medical School. DAPI was
excited with a DPSS laser 405 nm line, Emitted light was
passed thru a dichroic passing light <515 nm, then this light
was filtered through a bandpass filter near the Hoechst 33342
optima between 420 and 480 nm. Green fluorescent-tagged
antibodies (generally Alexa Fuor 488; Invitrogen, Eugene,
OR) were analyzed using the 488-nm line of an argon laser
(Lasertechnik  GmbH).  Emitted  light  was  selected  and
transmitted through a 505–550 band-pass filter near the alexa
fluor 488 optima. Antibody fluorescence from red Alexa Fluor
546, (Invitrogen) was illuminated with the Hellium-neon laser
543 excitation band with emitted light, then a dichroic passing
light >490 nm, and finally thru a long pass 560 nm filter. In
some cases, a separate reflection channel was set up that
measured 543-nm light directly reflected from opacities. This
was  performed  with  the  543-nm  excitation  line  from  the
Helium-Neon laser at 10% power, and detecting reflected
light passing through a 500–550-nm band-pass filter. Only
one fluorochrome was excited at a time per frame scan to
assure that only the desired probe was visualized. For vital
Figure  4.  Changes  in  the  density  of
surface LECs in fixed-eye sections. The
LEC  densities  in  the  central  zone  of
unirradiated  control  and  X-  irradiated
lens  sections  were  determined  by
counting the DAPI stained nuclei per
mm of lens surface (see Methods). X-
irradiation was at 3 months. The surface
LEC  nuclei/mm  densities  decreased
with age (p<0.001 between unirradiated
3-month and 25 month-old mice lenses).
The p values shown are for a comparison
of the LEC densities in X-irradiated and
age-matched controls at 7 months, 12
months, and 14 months using a single
tailed  Mann–Whitney  test.  The  error
bars are for the standard error of the
mean. Each bar represents the mean for
6–8 mice.
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1501staining, analyses were performed at both the anterior and posterior poles of the lens using a 10× objective and scanning
Figure 5. Typical vital staining of the anterior and posterior cortices of 10-month old mice lenses for DNA, ROS, and cataract. DNA (Hoechst
33342) in the lenses is shown in red, ROS (oxidized DHR) is shown in green, and cataract reflected light in white. The LSCM (10× objective)
was focused 120 microns below the anterior poles of unirradiated control lenses (upper panel) and X-irradiated lenses (lower panel) at the
same age. The donors of the lenses were 3 months old when irradiated and 10 months old when analyzed. The first column depicts the DNA
fluorescence in red (Hoechst 33342 fluorescence), middle Column shows ROS in green (oxidized DHR). The right column shows light reflected
from cataracts. Original magnification was 200×.
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1502at 4 μm intervals from the anterior or posterior surface of the
lens scanning 100 μm inwards. Freshly isolated viable lenses
were used for all vital staining.
The  LSCM  images  were  downloaded  to  a  computer
(Macintosh; Apple Computer, Cupertino, CA) and analyzed
with  the  NIH  program  Image  J  (developed  by  Wayne
Rasband, National Institutes of Health, Bethesda, MD) as
previously described [19].
Widefield microscopes used in imaging: In some cases the
fluorescence  of  fixed  lens  sections  was  analyzed  using  a
Nikon Upright (Nikon Eclipse E600) with standard filtersets
for  DAPI  (405  excitation),  or  alexafluor  488,  or  546
antibodies, or bright-field photos using H&E staining (see
description at the KECK website).
Statistics:  Regression  coefficients  between  cataract  scores
and DNA and DHR were made using the linear regression
program on computer (SPSS version 11 for Macintosh; SPSS
Inc., Chicago, IL). Unless otherwise mentioned, a 1-tailed
Mann–Whitney nonparametric (also from SPSS) was used for
comparing  the  groups  of  young  and  old  controls  or  X-
irradiated mouse lenses.
Normalization of DNA, DHR, and reflectance readings to
young control subjects: Vital staining of mice lenses were
made on two to four old lenses and two to four young lenses
at a time (per LSCM session). To control for possible changes
in staining or instrument sensitivities for the 3 months over
which the vital stain measurements were made, the values of
DNA, DHR, and reflectance for each lens was normalized to
(divided by) that of 3–5 month young lens controls measured
on the same day as the irradiated or older control mice. All
results of vital staining were presented as a percentage of the
young control animals unless otherwise stated. The data from
the fluorescence of fixed sections are presented as absolute
pixel intensities of the fluorescence analyzed using Image J
4.2.
RESULTS
Figure 1 illustrates typical reflective properties of lenses at
different  times  after  X-irradiation  and  in  age-matched
unirradiated controls. Generally, no changes were observed in
reflectance until at least 6 months post X-irradiation, when
cataract  development  began  accelerating.  Cataract
progression was greatly accelerated by X-irradiation although
almost no cataracts were seen until 6 months post-irradiation,
but by 11 months after X-irradiation, the cataract grades were
similar to old control animals over 25 months of age (Figure
2).
The LEC density of the Central Zone was significantly
reduced relative to unirradiated controls as measured by vital
staining with Hoechst 33342. Figure 3 compares the number
of LECs per mm2 of the vitally stained lens epithelia. A rapid
decrease  in  the  surface  LEC  density  of  the  Central  Zone
occurred  by  3  months  following  X-irradiation.  Before  X-
irradiation was administered at 3 months of age, the LEC
density  was  3,641  nuclei/mm2,  and  by  3  months  post  X-
irradiation (6 months of age), the cell density had dropped to
2,356  (63%  of  starting  value),  and  by  11  months  post
irradiation, the cell density had dropped to 1,856 /mm2, (51%
of  young  controls).  This  decrease  in  LEC  density  in  X-
irradiated mouse lenses was much more rapid than the gradual
Figure 6. Increases in cortical DNA and
ROS following X irradiation at 3 months
of age. Vital staining of fresh lenses for
ROS and DNA were carried out with the
same  stains  shown  described  in  the
legend  to  Figure  5.  The  data  are
presented  as  per  cent  of  3-month
controls (see Methods). Red circles are
for lenses X-irradiated at 3 months and
green squares are for unirradiated age-
matched controls. Error bars represent
standard error of the means, and stars
indicate  a  significant  difference  from
control  values  using  1  tail  Mann–
Whitney test (**, p<0.01). Each point
represents  the  mean  of  4–6  mice
analyzed.
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1503decrease in the unirradiated controls to near the same level
(2,090 cells/mm2 at 29 months of age). In both X-irradiated
and controls this decrease in LEC density preceded cataract
formation or other changes reported below. In a separate study
of the LEC density, fixed-eye lens sections were also analyzed
(Figure 4). The number of nuclei per linear mm of the Central
Zone surface were counted using DAPI to stain the sections.
This second study on fixed-eye sections produced similar
results to those seen in the vital staining of whole lenses,
indicating that the LEC densities of X-irradiated mice lenses
were reduced significantly by 4 months after X-irradiation
(p<0.001).  In  both  studies  the  decrease  in  LEC  density
preceded cataract formation by several months both in X-
irradiated and in old unirradiated control mice.
We previously reported that vitally stained lenses from
old cataractous mice and rats contained large numbers of
undegraded or partially degraded nuclei, and high levels of
ROS in the lens cortex [19,20]. In Figure 5 typical examples
of vital staining for cortical DNA (Hoechst 33342) and ROS
(as oxidized DHR) in X-irradiated mouse fresh lenses and in
age-matched unirradiated controls are compared. Figure 6
depicts the relative quantitative intensities of cortical DNA
(DNA fragments and cytoplasmic DNA) using the vital dye
method in X-irradiated mice and in age-matched unirradiated
controls.  Both  the  number  of  abnormal  cortical  nuclear
fragments, as well as, the intensity of cortical ROS increased
significantly  in  the  X-irradiated  lenses  by  6  months  post
irradiation using the vital dye method.
We also compared the number of cortical nuclei present
in fixed-eye lens sections using both DAPI and H&E stains.
The H&E staining and DAPI staining were very similar with
every  DAPI-stained-nucleus  also  being  stained  by  H&E
(Figure 7). The DAPI was used for further analysis because it
was brighter and permitted more rapid examination of the lens
sections. Examples of fixed-eye sections from 3 month, 14
month, and 26-month-old unirradiated control lenses, and a
14-month-old X-irradiated lens (Figure 8C) are compared in
Figure 8A-D. These sections were cut through the middle of
the whole eye at right angles to the anterior surface to reveal
nuclei and nuclear fragments beneath the central zone as well
as in the bow region. As in the vital dye study, the old lenses
and the 14-month old X-irradiated lenses always contained
large numbers of DNA positive material in the cortex beneath
the central zone and a greatly expanded bow region. In old
animals or cataractous X-rayed animals the debris sometimes
filled the whole outer cortex of the lens. For this analysis, the
area beneath the “central zone” of the lens was set arbitrarily
at the width of the lens nucleus. Figure 9A depicts the total
number of nuclear fragments in the entire outer cortex. The
total  number  of  DNA  fragments  increased  steadily  and
significantly with age in unirradiated lenses (Figure 9A), but
the 14 month X-irradiated lenses (11 months post-irradiation)
did  not  have  more  total  cortical  nuclei  than  age-matched
unirradiated controls although the abnormal cortical nuclei
were spread over a larger part of the cortex. This is probably
due to the presence of fewer layers of secondary fiber cells in
X-irradiated lenses as a result of X-ray-induced damage to
LEC replication. In support of this possibility we measured
the depth that the nuclei in the bow regions extended below
the  surface  (from  the  anterior  surface  to  the  deepest
Figure 7. A comparison of nuclei and
nuclear cortical fragments in a typical
old-mouse eye section using both DAPI
and H&E stains. DAPI (A) and H&E
(B) staining are compared. All of the
included  nuclei  stained  with  DAPI
(white)  were  also  stained  blue  by
Hematoxylin. All other H&E and DAPI
images  demonstrated  the  same
correspondence (not shown), but DAPI
was  much  easier  to  score  at  lower
magnification so was generally used in
counting nuclei and nuclear fragments.
Original magnification was 200×.
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1504fragments). As expected, the bows in the 14-month old X-
rayed mice did not penetrate as deeply into the cortex as those
of the age-matched controls, again probably as a result of X-
ray damage to the LECs [46]. The nuclei in the bows of 14-
month  old  X-rayed  mice  lenses  extended  only  284±19
microns into the cortex compared to 369±21 microns for age-
matched controls (p<0.005) compared to only 138 microns in
3-month-old unirradiated controls and 522±15 microns in the
24-month-old mice lenses.
Importantly, however, when the number of nuclear DNA
fragments in the abnormal position beneath the central zone,
were compared, the X-irradiated lenses were seen to have far
more than age-matched unirradiated controls. This is depicted
in Figure 9B. Both 12-month (p<0.01) and 14-month X-rayed
lenses (p<0.005) had significantly more DNA fragments in
the cortex lying beneath the central zone than age-matched
unirradiated  controls.  This  is  far  from  the  sub-equatorial
region where such nuclear fragments normally first appear.
One  unique  difference  between  the  14-month-old  X-
irradiated mice lenses and the unirradiated controls was that
posterior  surface  of  all  of  the  frequently  invaded  by
myofibroblast-like cells that stained positive with an antibody
to alpha smooth muscle actin, a marker for such cells (Figure
10A-G) [47-49]. These serve as a positive control for the
absence of such from the anterior of irradiated young or old
control lenses. Myofibroblast-like cells were not seen in the
any of the unirradiated lenses examined, even old cataractous
lenses (compare Figure 10A to Figure 10B-G). Aquaporin 0
was used as a counter stain to better visualize the lens fibers,
see Figure 10A-G, since it constitutes ~60% of lens fiber
Figure 8. Typical images of DAPI-stained paraformaldehyde-fixed sections from lenses unirradiated control lenses and lenses from mice X-
irradiated at 3-month of age. Panel A was from unirradiated 3-month controls, panel B was from 14 month unirradiated controls, panel C was
from 14-month X-irradiated lens, and panel D was from a 26-month old unirradiated control. Each image was derived from a panorama taken
with a 10× objective (see Methods). The dashed lines show the regions of the lenses used for counting DNA fragments in different regions
of cortex (see Figure 9A,B). These include both bow regions, and the cortex below the central zone. The posterior cortex was included if
nuclear fragments were present. The non-lens portions of the eye have been deleted for clarity. Original magnification was 200×.
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1505membrane proteins [50,51]. Figure 10C-G also shows that the
very flattened LEC nuclei in the upper bow are lodged in
single secondary fibers. The more abnormal rounded nuclei
lower in the bow do not appear to be as clearly sandwiched
within single lens fibers, but clearly appear to be derived from
the  flattened  nuclei  closer  to  the  surface.  These  spherical
nuclear fragments are greatly increased in the bow and are also
seen beneath the anterior central zone of both unirradiated old
and X-irradiated lenses (see Figure 8).
It was not possible to measure oxidized DHR or other
measures of ROS activity in fixed lenses, but ROS damage
was measured using an antibody to 8-hydroxy guanosine (8-
OH-dG), an oxidative adduct considered to be a marker for
DNA oxidative damage [52-54]). Such 8-OH-dG lesions were
seen  in  the  DNA  fragments  in  the  lens  cortex  of  old
unirradiated mouse lenses and in X-irradiated lenses but not
in any of the younger control groups (Figure 11 and Figure
12).
DISCUSSION
Using DNA and ROS specific vital fluorescent dyes, and laser
scanning confocal microscopy we have previously described
4 changes in aging rodent lenses: 1) a significantly decreased
density of surface LECs in old compared to younger lenses in
both mice and rats; 2) strong increases in cortical nuclei and
DNA fragments in the secondary lens fibers of old rodent
lenses; 3) increased cortical ROS in old rodent lenses; and 4)
increased cataract concomitantly with the cortical DNA and
ROS  increases  [12,19,20].  In  the  current  study  we  have
directly compared staining of age-related cataracts in mice to
X-ray induced cataracts in the same mice, for the same above
4 changes. The staining for LEC density and internal DNA
fragments were done using two different methods: 1) vital
stains on fresh metabolizing lenses, as previously described
[19,20], or 2) by staining fixed-eye lens sections for LEC
density and cortical DNA with DAPI, and for ROS damage
sites using an antibody to 8-OH-dG. The latter is a biomarker
for oxidative damage to DNA [55]. Using both methods we
find a remarkable similarity between the alterations seen in
X-irradiated lenses and in the lenses from unirradiated old-
mouse controls.
The  LECs  are  the  major  site  of  cell  metabolism,
detoxification of ROS, transport of water, glucose, and ions
into and out of the lens [2], and In addition most of the
mitochondrial O2 consumption and ATP production occurs in
the LECs and first layer or two of fiber cells [16,56-59]. The
decrease in LEC density of over 40% that we found in both
young X-irradiated and old unirradiated control lenses could
be expected to alter the lens homeostasis in several ways
including: the flow of water and ions into and out of the lens,
Figure 9. The number of total cortical
nuclei  in  lenses  from  unirradiated
control mice and mice irradiated at 3
months  of  age.  Panel  A  depicts  the
number  of  total  retained  nuclear
fragments in the whole cortex, and panel
B shows the number of nuclei in the
cortex beneath the Central Zone only.
Control  and  X-irradiated  mice  lenses
were fixed, sectioned, and stained with
DAPI  for  DNA  as  described  in  the
Methods. The total number of nuclear
fragments  was  counted  in  5–7  lenses
from each age and/or radiation group
except  the  3  month-old  X-irradiated
group, which consisted of data from two
animals. The number of total number of
cortical  nuclear  fragments  was  not
significantly  greater  in  X-irradiated
lenses than controls of the same age.
However,  the  number  of  nuclear
fragments  found  in  inappropriate
positions below the central zone of X-
irradiated  lenses  (panel  B)  was
significantly higher than age matched
controls at 12 months X-rayed (p<0.01),
and  14  months  X-rayed  (p<0.005).
Original magnification was 100×. The p
values  were  determined  by  a  1-tailed
Mann–Whitney test.
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1506mitochondrial  ATP  production  and  O2  usage;  and
detoxification  by  glutathione  formation.  These  could  all
predispose  to  cataract  formation  [2,60-62].  This  study
supports  the  idea  that  severe  decreases  in  LEC  density
precedes cataract formation in old mouse lenses, as well as,
in X-irradiated mice, although the exact extent of LEC loss
required to produce cataracts in rodents or humans has not
been  determined  [2].  Earlier  workers  have  also  reported
damage to and/or loss of LECs following X-radiation and
other forms of oxidative insult (see review by Spector [6]) to
lenses of mice, rats, rabbits, and frogs [6,22-28,30-32,63-65].
Worgul and others have proposed that at low to moderate X-
irradiation  doses,  cataract  formation  is  dependent  on
differentiation of surviving LECs into defective fibers (see
review by Worgul [29). Our current work is consistent with
that hypothesis, but also presents evidence that age-related
cortical  cataract  also  follows  a  similar  course  of  primary
damage to the surface LECs, followed by differentiation into
defective secondary fiber cells with aberrant migration into
the cortex and unable to degrade nuclei and possibly other
organelles.
The  loss  of  nuclei  and  organelles  is  believed  to  be
necessary to ensure the transparency of the lens [10,11,13,
15,66]. We note that a decreased ability to degrade lens fiber
organelles has been shown to result in the development of
cataract  in  several  different  rodent  models  [1,67,68].
Importantly, the degradation of DNA in differentiating lens
fibers requires the lysosomal enzyme, DNase II beta (DLAD),
and  in  DLAD  knock  out  mice  nuclei  are  not  degraded,
resulting  in  lens  opacity  and  cataract  formation  [10,11,
Figure 10. Fixed-eye mouse lens sections were stained with; antibodies to alpha smooth muscle actin shown in green, and aquaporin 0 shown
in red and also DNA shown in blue as described in the Methods. Typical staining of lens fibers with aquaporin O antibodies (red) and
myofibroblast-like cells (green) are shown. Note that aquaporin O comprises approximately 60% of lens fiber membrane proteins, and that
myofibroblasts are normally not present in the normal young mouse lens (see text). A: Posterior of 14-month X-irradiated lens, arrows point
out myofibroblasts (green). B: Posterior region of typical old (26-month) mouse lens lacking myofibroblasts. Panels C-G show images of the
bow regions of irradiated or unirradiated control lenses of various ages that were all negative for myofibroblasts. Original magnification was
200×.
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150769-71]. Together these studies indicate that failure of the lens
to digest organelles and/or macromolecules such as those
reported  here  would  be  likely  to  contribute  to  cataract
development. Furthermore, an increase in undegraded DNA
may  reflect  a  generalized  loss  of  lysosomal  and/or
proteosomal activity in the old and X-irradiated lens, which
may also predispose the lenses to the formation of opacities
[1,8].  These  events  may  precede  or  be  causal  for  the
aggregation and oxidation of lens proteins that are found in
cataract opacities [3,72,73].
Previously,  we  ascribed  the  increased  cortical  DNA
beneath the central zone to either an expansion of the bow or
“involutions” of LECs beneath the anterior surface [12]. The
fixed-eye studies in this manuscript indicate that the majority
of undigested cortical nuclei arise from an expansion of the
bow region rather than direct invasion of LECs from the
surface in both normal aging and in X-ray induced cataracts.
This is in agreement with earlier reports on X-ray induced
cataracts (see review by Worgul [29]). However, frequent
gaps can be seen in fixed eye lens sections from both the old
control and X-irradiated lenses; and beneath some of these
gaps, epithelial fragments are seen deep beneath the surface
(unpublished observations). Therefore, LECs detaching from
the outer epithelial layer may contribute to the abnormal DNA
fragments seen in the mid anterior cortex. The bow region in
unirradiated old control and X-rayed lenses can be seen to
extend far into the posterior cortex in fixed-eye lens sections;
and by 11 months post X-ray, some mouse lenses contained
cortical  DNA  completely  encircling  the  lens  nucleus
(compare Figure 8A-D).
There  were  some  distinct  differences  between  X-ray
induced and age-related lens changes. Notably, the posterior
surface  of  14  month  X-irradiated  lenses  were  heavily
populated by myofibroblast-like cells that were stained with
Figure 11. Typical panoramas of fixed-eye lens sections stained with antibodies to 8-OH-G lesions and also stained for total DNA. Fixed-eye
lens sections were prepared and stained with antibodies to 8-OH guanosine and 8-OH deoxyguanosine (green), and Dapi (red) as described
in the Methods. The sections were treated with 2N HCl to remove 8-OH G in RNA leaving only 8-OH deoxyguanosine residues. Head-only
X-irradiation was at 3 months. The non-lens parts of the eye have been blacked out for clarity. Original magnification was 200×.
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1508antibodies  to  alpha-smooth  muscle  actin  (see  Figure  10).
Alpha smooth muscle actin positivity of cells in the epithelia
has been reported to occur in some cataract models associated
with TGF-beta overexpression, or alkalai burn damage to the
epithelial  surface  [47-49,74,75].  Such  myofibroblast-like
cells were only seen on the posterior of X-irradiated mouse
lenses. We did not observe any alpha-smooth muscle positive
cells  on  the  anterior  surface  of  X-irradiated  lenses,  or
anywhere  on  the  oldest  unirradiated  mouse  lenses.  So
transdifferentiation of LECs to myofibroblast-like cells does
not appear to be causal to the accumulation of cortical nuclei
and  nuclear  fragments  in  either  ARC,  or  X-ray  induced
cataractous lenses.
Excessive  ROS  has  been  proposed  as  one  probable
initiator of damage to the lens macromolecules that leads to
precipitation of lens proteins and cataracts [1]. High ROS not
only directly damages macromolecules in the lens, but also
depletes glutathione in the lens increasing oxidative injuries
further [38]. We previously reported high levels of ROS in old
cataractous mouse and rat lenses stained vitally with DHR
[19,20]. In this study we observed similar heightened ROS in
cataractous X-irradiated mice beginning about 6–7 months
after  X-irradiation  (Figure  5  and  Figure  6).  X-irradiation
would be expected to directly produce short-lived ROS in
addition  to  damage  by  direct  energy  transfer  to  the  lens
macromolecules. However, significant increases in ROS were
not seen in irradiated lenses for the first 3 months after X-
irradiation, but rather, did not appear until 6 months following
X-irradiation, and further, must have been produced by some
continuous process such as damaged mitochondria or other
sources [1,6,76-78].
Such excess ROS would be expected to damage the DNA,
producing 8-OH-dG adducts [55]. We used an antibody to 8-
OH-dG lesions in DNA [53,55,79] to reveal these damage
sites in fixed-eye sections. We now report that both control
unirradiated-old  and  late  X-irradiated  cataractous  mouse
lenses (9–11 months post X-irradiation at 3 months of age)
were  positive  for  8-OH-dG  adducts  in  the  accumulated
cortical DNA fragments (see Figure 11 and Figure 12). We
suggest that the imaged 8-OH-dG lesions are indeed in DNA,
not 8-OH-G in RNA, because the antibody localizes in the
nuclei  and  dapi  stained  fragments  of  DNA  not  in  the
cytoplasm, and the method for denaturing the DNA before
staining (treatment with 2 N HCl) destroys RNA. The 8-OH-
dG  positive  DNA  fragments  were  more  frequent  in  the
abnormally positioned (anterior and posterior and deepest)
fragments (see Figure 11). There was also a trend toward
increased  8-OH-dG  adducts  in  the  surface  epithelia  of
unirradiated old lenses (24 months+) compared to 7 month or
3 months old unirradiated lenses (p<0.05 by t-test. not shown),
but this was not significant by the non-parametric Mann–
Whitney test.
We have previously proposed [12,19,20] that the primary
age-related  loss  of  LECs  may  result  in  decreased
mitochondrial respiration in or near the lens surface. As a
result O2 levels may rise inside the cortex, resulting in the ROS
noted above. Penetration of O2 deeply into the lens cortex
would likely compromise internal stores of glutathione and
other internal lens antioxidants, raising damage done by ROS
and leading to protein aggregation and cataract [43,58,59,
80]. Of course, as discussed above, the loss of surface epithelia
may damage the lenses in several other ways including altered
Figure  12.  The  number  of  8-OH-dG
positive  cortical  nuclear  fragments
found beneath the central zone. Fixed
lens  sections  were  stained  with
antibodies to 8-OH-dG (green) and Dapi
(Red) as described in the methods (see
also figure 11). The number of 8-OH-dG
positive nuclear fragments resistant to
2N HCl lying only in the cortex below
the  Central  Zone  were  counted  and
compared.  The  8-OH-dG  positive
fragments  (green)  increased  with  age
and were significantly higher in the X-
irradiated lenses at 12.5 months and 14
months.  Five  to  7  of  samples  were
analyzed  at  each  age,  except  the  3-
month X-ray with 2 mice lenses; and the
7-month X-ray with 4.
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1509water, nutrient and ion flows into and out of the lens [6], and
altered differentiation of damaged LECs [29].
Table 1 summarizes the findings observed in irradiated
mouse lenses compared to those that occur in old unirradiated
mouse lenses. The changes we observed following irradiation
with X-rays occurred more rapidly but in the same 4 stages as
previously shown to occur during aging of rodent lenses.
These changes in rodent lenses may contribute to cataract
development in both ARC and X-irradiated young mice and
by the same process.
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